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eěĜÌñÇ (acute promyelocytic leukemia, APL) KÀeĚÛç)e
ěĜÀêÉ}´,»)ěĜÌñÇ (acute myeloid leukemia, AML) Ey
( AML 10~15%,l#)APL±ąñc&)ýñ¬È& `
ñhì²Í`ñÈ¼,p)ß¹NĆyÒñÕ]_wÈXâ (disseminated 
intravascular coagulation syndrome, DIC) ,ĝĕSË)#ĂĄø¢& ·Ê

¶#'*)APL 15ÅQ¬íQG promyelocytic leukemia (PML) ĉO 17Å¬íQ
G retinoic acid receptorα (RARα) ĉOÎMā t (15;17) (q22;q21) &(Ã)
PML/RARα1?@ĉO
ěĜØÛçaj.=9D56,Ē)APL·Ê






ĝ (61.2%)(+ APL ajÈXâ 
(12.3%) ìrÍ)'Ù 15~20%ä^ËĝÐ¾ ATRAå


























MK-4  vitamin K U8C:2þã÷Wę 2 ĔċYy
menahydroquinone-4 (MKH) (3B8>CČ³z (Glu) , 	-0B<153B8>CČ
³z (Gla) ~) 	-3B8>B0B<15@D7 (GGCX) óv°è)
MKHjĎüÍMK-4 epoxide (MKO) ~*)!(vitamin KU
8C:2þ¸jTÜ*)MKHU)'MKOMK-4ċY*
^bÄ*)ăMK-4  vitamin K 4/2B,i¾&bÄ*) (Fig. 1-
 
2)MKHCJ UBIAD1 (UbiA prenyltransferase domain containing protein 1) 
! vitamin K3 hydroquinone geranylgeranyl pyrophosphate"{Sd%$	l
"%$&MKHJVc#[Ic	hF%$$	
uP%mPSx#if=$W$ 
q]MKH  delivery system v$ MKH ,0+9c_C MKH 
1,4-bis-N,N-dimethylglycinate (MKH-DMG) )4+9c_C MKH 1,4-bis-hemisuccinate 
(MKH-SUC) '$ (Fig. 1-1)MKH-DMGMKH-SUC~O
yMKH'RMK-4!#G%ZweMOr'\z$ (Fig. 1-2)
&MKHMK-4!#G%g	(Or	pb%$ 16-18 












g	(N#$'l"?MKH-DMG  MKH-SUC  HL60
! HL-60RMKHc'EMKH-SUC>G%MKH
c';k MKH-DMG MKH $'l"
< MKH-SUC 62-937)'@)52:./'_$Zw
eM'T$'l" 

















Figure 1-2. Schematic illustration of vitamin K cycle and concept for MKH delivery system. 
Abbreviations: MKH, menahydroquinone-4; MK-4, menaquinone-4; MKO, menaquinone-4 
epoxide; VKORC1, vitamin K epoxide reductase complex submit 1; VKDP, vitamin K 
dependent proteins; GGCX, γ-glutamyl carboxylase 




7~ MK-4"MKH),.4Q: HL-60" HL-60RP%Ji[ACe 
 
 d~HL60 " HL-60R P% MKH-DMG  MKH-SUC Ji[ACe'
ATRA" MK-4j"$<plBY 72a HL60" HL-
60RsLq-poV35-/' Fig. 2zATRAZf% HL-60R
cCZ'z\hZ\] (HL60% IC50P%HL-60R% IC50 
jresistance index) 'M&& IC50"Z\]' Table 1  
HL60" HL-60RsLqpoV;LwmSATRA
HL-60RJi*62oV>+1/ATRAZ\] 7.68
#`# ATRAZO& (Fig. 2A, Table 1)MK-4ATRAFg HL-
60RJi*62oV>+1/ (Fig. 2B)MK-4Z\] 3.94$HL-
60R PJi[ACe'zATRA ZX'D%`#
MK-4ukvUt% 45 mg/_bK9oV 1 µM
%IG&% 22(0@Tx|MK-4@Tn@T
2−8={V$ 23HL-60RP% IC50% 32.5 µMMK-4UtNrH
oV%#MK-4 ATRAZ'}y	`# (Table 
1)7^MKH-DMG"MKH-SUCHL-60RJi*62oV>+1/




 MKH-SUC 8% IC50 MK-4 UtNrEoV$MKH-









 Figure 2. Inhibitory effects of ATRA, MK-4 and MKH derivatives on cell viability of HL60 
and HL-60R. The cells were treated with 130 µM ATRA (A), MK-4 (B), MKH-DMG (C) 
or MKH-SUC (D) for 72 h. Error bars indicate mean ±SD (n = 3). 
 
Table 1. The IC50 values of ATRA, MK-4 and MKH derivatives in HL60 or HL-60R treated with each 






























a 95% Confidence Intervals: 95% CI 
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MK-4  ATRA F5EB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 
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+D2->6%
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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;MKH-DMG






s4r MKH'()-N7!$ HL60! HL-60RMKHS 
 
aoqL/#MKH-DMGMKH-SUC	zv{mv{MMK-4 !
# v{=S;%MK-4 T1$6 availability &<_$&Y"
$ 17, 18 





iO& MKH UcMKH '()-N7v{= MK-4 ! MKO
iOC&MKHUc 
5 µMMK-4MKH-DMG!MKH-SUCg?P HL60! HL-60R3
MK-4!MKOiO& LC/MS-MS~x&lhKiO[\w0p (AUC) &
t> (Fig. 3A-D, Table 2)MK-4g?yMKH-SUCg?yv{=MK-4iO!
MKOiO2v{R/X24[+,*.MKH-SUCg?
yv{=MK-4iO!MKOiOW`"] 2v{MKH-SUC
g?yv{= MK-4! MKO AUC MK-4g?y!# u 1.5:G
M
jnMKH-DMG g?yv{= MK-4 iO! MKO iO[8InQ
E?72 [P MK-4 g?y!#MKH-DMG g?y2v{$
MK-4g?y!#v{=MK-4!MKO AUCMK-4g?yu 1/250 
eB}kg?yv{=MKHS&f$MK-4g?y
v{= MKO iO&v{= MKH iOMKH-DMG g?y MKH-SUC g?y
v{=MK-4iO!MKOiOC&v{=MKHiOB}kg?!$v
{=MKH AUC&t> (Fig. 3E, F, Table 2)MKH-DMGg?yv{=MKH AUC
MK-4g?yf2v{ u 2:MKH-SUCg?yv{=MKH






Figure 3. Intracellular concentration of MK-4, MKO and MKH in HL60 and HL-60R cells 
treated with MK-4 or MKH derivatives. Intracellular concentration of MK-4 in HL60 (A) and 
HL-60R (B), intracellular concentration of MKO in HL60 (C) and HL-60R (D), intracellular 
concentration of MKH in HL60 (E) and HL-60R (F) treated with 5 µM MK-4, MKH-DMG or 
MKH-SUC up to 72 h. Error bars indicate mean ±SD (n = 3). 
 
Table 2. Area under the intracellular concentration vs time curves from 0 to 72 h (AUC0–72 hr) for MK-






* (nmolhr/mg of protein) in HL60
MK-4 MKO MKH 
MK-4 26.4±0.80 6.33±0.32 6.33±0.32 
MKH-DMG 12.3±1.29 3.11±0.36 15.4±1.62** 





* (nmolhr/mg of protein) in HL-60R
MK-4 MKO MKH 
MK-4 19.90.40 5.52±0.03 5.52±0.03 
MKH-DMG 7.900.66 2.29±0.15 10.2±0.80** 
MKH-SUC 30.6±1.24 8.70±0.46 39.3±1.69** 
*: the AUC values are indicated as mean ± SD 
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R/T MKH#&),[=2 HL60 HL-60RUV:E@` 
 
UV:EG1E (DNA9AL5E) - SE (DNA9AE) - G2E (6XL5E) - ME 
(6XE)  G0E (_JE) UV:E]W'"($+!-*IH
OYN>UV:E4JN>UV +*.%&SC^










Yl?${ sub G1_<B$t9 (Fig. 5)ATRAHL60N:?O
7 G1 arrest	GD#" 20, 24ATRAzoKqkR" 1 µMi=U 72]
AvxE_<BHL60  G0/G1 _^W2[ S _^WjQ	|M
#G1 arrest	|M# (Fig. 5A)1ZHL-60R G1 arrest	|M#
 `u ATRAwV	r# (Fig. 5B) 
 MK-44vxAvxE_jQ	|M#	AkR"vxE_
gnI?	 vxE_T%,*0()" DNAYl
?${ sub G1_	^W2[ MK-4HfX;>c%,*0()"
	sF# (Fig. 5C, D)	 MK-4 HL-60R sub G1_<B
	 HL60!8 ̀ LwVT$@"	\ 
 (Fig. 5D)MKH-DMG `La64vxNvxE_T sub 
















Figure 5. Effects of ATRA, MK-4 and MKH derivatives on the cell cycle distributions of HL60 
and HL-60R cells. HL60 (A, C, E, G) and HL-60R (B, D, F, H) were treated with ATRA (A, B), 
MK-4 (C, D), MKH-DMG (E, F), or MKH-SUC (G, H) for 72 h. The cell cycle distribution was 
analyzed using flow cytometry after PI dyes. Date represents the mean ± SD from triplicate 
experiments. **p < 0.01, vs Vehicle, Dunnett’s test. 
 
g5h MKH"&'/rJ7 HL60 HL-60RI *(1%&p9 
 
@h MKH-SUC 3ilI *(1%&rJfC
@h>T^ annexin V-FITC / PI5s[md)01$!(,(.1a
 *(1%&il\;n (Fig. 6)HL60  HL-60R 
:D)0
1$!(#-+ Fig. 6A, Bf)01$!(#-+Q3cilf
Q4 =X *(1%&Q2 OX *(1%&fQ2  Q4 <Kil
 *(1%&ilp9MK-4 MKH-SUCHL60 HL-60R
IbL8Ge *(1%&ilEAoH10 µM  MKH-SUC v
 *(1%&ilEAq (Fig. 6C, D)MKH-DMGWQ *(1%













Figure 6. Effects of ATRA, MK-4 and MKH derivatives on the cell apoptosis of HL60 and HL-
60R cells. The typical flowcytograms of HL60 (A) and HL-60R (B) treated with 1 µM ATRA, 5 
µM MK-4, MKH-DMG, or MKH-SUC for 72 h. Percentages of aptotic cells of HL60 (C) and HL-
60R (D) treated with 1 µM ATRA, 510 µM MK-4, MKH-DMG, or MKH-SUC for 72 h. The 
apoptotic cells were determined using flow cytometry after annexin V/PI dyes. Data represents the 
mean ± SD from triplicate experiments. **p < 0.01 vs Vehicle by Dunnett’s test. 
 
w@x MKH%-0;\G HL60 HL-60R[ #51>,-\hg
d 
 




MKH-SUC #51>,-\61*=2:#{ "r 
61*=2:#~EXPcytochrome cbN#51>,-.=3( 
(Bak pro/cleaved caspase-3) om"e 
Iy JC-1 "n4<>+$181:>j61*=2:#~E 





 HL-60R	 KV4<>+$1)97" Fig. 7A, BsMK-4MKH-
DMG Cz|61*=2:#~E (ΔΨm high) z|OR vehicle S
t_
61*=2:#~EFAZ! (Fig. 7C, D)?c
MKH-SUC Cz|61*=2:#~E (ΔΨm high) z|ORl]

61*=2:#~E"FA 












Figure 7. Effects of MK-4 and MKH derivatives on the mitochondrial membrane potentials of 
HL60 and HL-60R cells. The typical flowcytograms of HL60 (A) and HL-60R (B) treated with 
the test drugs of 10 µM for 48 h. Percentages of ΔΨm high cells of HL60 (C) and HL-60R (D) 
treated with 510 µM MK-4, MKH-DMG, or MKH-SUC for 48 h. The mitochondrial membrene 
potentials were determined using flow cytometry after JC-1 dyes. Data represents the mean ± SD 





ELISA K"N*'$,(+#O5PQVO5 cytochrome c M@"L:
cytochrome cB4"HT10 µMMK-4MKH-DMG/PQ*
'$,(+#O5 cytochrome c M@2.PQVO586	
F;XG0 cytochrome cB4S<
! (Fig. 8)10 µMMKH-SUC
/PQ*'$,(+#O5 cytochrome cM@EA2.PQVO5
 HL-60REA86HL60 PQVO5 cytochrome cM@8
6S<














Figure 8. Release of cytochrome c by MK-4 and MKH derivatives in HL60 and HL-60R cells. HL60 
(A) and HL-60R (B) treated with the test drugs of 10 µM for 48 h. The cytochrome c levels in 
mitochondrial fraction or cytosolic fraction were determined using ELISA kit. Data represents the 
mean ± SD from repeated determinations at least 3 times. *p < 0.05, **p < 0.01 vs Vehicle by 
Dunnett’s test. 
 
	MK-4 ,&/#$O;MKO BAKD>6 ,&/#
$#"(-1E caspase-3D>6N:	97	 12Western 





K8	 (Fig. 9)BAK HB).'05#+&
).'
MKH-SUC @JN:		MK-4  MKH-SUC procaspase-3 A?
F<
cleaved caspase-3N:	caspase-3D>6@








Figure 9. Effect of MK-4 and MKH derivatives on the expression of apoptosis-related proteins 
in HL60 and HL-60R cells. HL60 (A) and HL-60R (B) treated with the test drugs of 10µM for 


























































MK-4 MKH-SUC BAK:v MKOt4 `m	

















MKH-DMGMKH-SUCMK-4>V7odp (vitamin K cycle) ZF 







 in vivo	W% 
dwx=s%" ATRA}X{~f's_wxKJ:MKH-DMG

















Albumin, from Bovine Serum, pH5.2                       &$#!-.'* ()) 
All-trans retinoic acid (ATRA)                            &$#!-.'* ()) 
annexin V-FITC apoptosis detection kit                        MBL 
anti-cleaved PARP1                                                         Abcam 
anti-pro/p17-caspase-3                                                      Abcam 
BCA protein assay kit                                           Thermo Fisher Scientific 
Benzylsulfonyl Fluoride                                 &$#!-.'* ()) 
Cell Titer-Glo 2.0 Luminescent Cell Viability Assay                             Promega Co. 
Cytochrome c ELISA kit                                                 R&D Systems 
Digitonin (water-soluble)                                           ()) 
D-PBS (-)                                            &$#!-.'* ()) 
D (-) -Mannitol                                        &$#!-.'* ()) 
EDTA                                                         ())   
Ethanol (HPLC,)                            &$#!-.'* ()) 
Fetal Bovine Serum                                                  Sigma Aldrich Co. 
HEPES buffer solution                                                      DOJINDO 
Hexane                                              &$#!-.'* ()) 
JC-1                                                                    DOJINDO 
Menaquinone-4 (MK-4)                             ()) 
Methanol (MeOH)                                      &$#!-.'*()) 
MKH 1,4-bis-N,N-dimethylglycinate HCl (MKH-DMG)                     "(, 
MKH 1,4-bis-hemisuccinate (MKH-SUC)                 "(, 
mouse anti-GAPDH antibody                                           Sigma Aldrich Co. 
Penicillin streptomycin                                          Thermo Fisher Scientific 
Polyoxyethylene (20) Sorbitan Monolaurate                 &$#!-.'* ()) 
PI solution                                                               DOJINDO 
rabbit anti-Bak                                               Cell Signaling Technology 
Ribonuclease A                                                      Sigma Aldrich Co. 
 
RIPA buffer                                                     /!:,(" (u) 
RPMI-1640(L-#<*7?,32@<=+.Tr)          _Y3<8UKav(u) 




HL60                                    mzE R[i 












+"} (15 mM) WWV]bethanol qc 0.2%GB
HL60 HL-60R 96-well plates 3.0×103 cells/welllApWS
TWVS well~P 72oeCell Titer-Glo 2.0 Luminescent Cell Viability Assay
In4>-%@<f\IC50 JGraphPad Prism, 
version 6.0 (GraphPad Software, San Diego, CA, USA) log [drug] vs. normalized 
response-variable slopeNsMResistance indexwd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HL60  HL-60R  12-well plates  5.0×104 cells/well lApWeMK-4
MKH-DMGMKH-SUC~PA\oW&?4;?#PBS
{|e500 µL  PBS Lh)0$@-59'1@-} (200 µL) 
 
MeOH (200 µL)Hexane (600 µL) J_\
XZH (4℃3000 rpm10min) 

<q 500 µL|&uXhrMeOH (50 µL) Et LC-MS/MS@






LC-MS/MS MS Prominence UFLC (SHIMADZU) LCMS-8050 LIQUID 
CHROMATOGRAPH MASS SPECTROMETER (SHIMADZU) x
akC 10 µL
y 71(!5,H
52CAPCELL PAK C18 MGⅡ, 2.0mm 
I.D.×100mm, 3 µm (SHISEIDO) x
zKywater (A)  0.1% AcOH 10mM 
AcONH4 in MeOH (B) x
m 0.4 mL/min (A:B=3:97)#8.6 959 4℃
529-8 40℃
8L Electrospray ionization (ESI) jxMS-MS-
multiple reaction monitoring (MRM) 4 9 )  s S  
  MK-4 adduct [M+H]+ 
m/z=445.00>187.05MKO adduct [M+H]+  m/z=461.00>161.00B]b>=







 HL-60R 100 mm dish 3.0×105 cells/dish^{:cRXATRAMK-
4MKH-DMGMKH-SUCpJ
72 bRXPBSln70% ethanol
 500 µLpJ -20℃=:cQSFv
PBSlnX0.25mg/mL RNaset
o 500 µLpJ
37℃ 30H`X1mg/mL PI solution 10 µLpJi< 20
Hf
,79#(39'9JSAN (Bay Bioscience Co., Ltd.) sS






 HL-60R 100 mm dish 3.0×105 cells/dish^{:cRXATRAMK-
4MKH-DMG  MKH-SUC pJ72 bR























HL60	 HL-60R 6-well plates 1.0×105 cells/welleDh[_MK-4MKH-
DMGMKH-SUCvU72 g[	O PBS 3Yst0.1mM
)"02BX isotonic buffer A (10 mM HEPES0.3 M mannitol 0.1% BSA) Mb
{_oE 5Rf`R (4℃8500 × g5 min) _EwR
	:@.0 sonication buffer (50 mM Tris-HClpH 7.4150 mM NaCl2 mM EDTA1 mM 
PMSF 0.5% Tween 20) Mb{_oE 2YqP}`R (4℃10000 
× g30 min) _Ew<0&B1>R	<0&B1>RR
G cytochrome c|^Cytochrome c ELISA kit~y\	<0&B1>R




HL60	 HL-60R 6 -well plates 1.5 × 105 cells/welle36g[_MK-4
MKH-DMG  MKH-SUC vU72 g[	 PBS st_9A/
C+B56,C #/?X RIPA buffer ~zD BCA 
protein assay kit~,B4#|^y\	zu 15% SDS-PAGE%?E
nrVPVDFN	PVDF8A.!B$_IFDmdKP}	
anti-pro/p17-caspase-3anti-cleaved PARP1 (1:2000)rabbit anti-Bak (1:2000)mouse anti-GAPDH 
antibody (1:2000)DmdKP}_PVDFSHmdKP}Immunostar LD
 




"& GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA)  $
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  3B+C+@+*+1>-23 >8+=9/=+6:9:=9<3<.300/;/8=3+=39838.>-381/00/-=<90
?3=+738 
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
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 /B:</==398 38 2?7+8 6/?5/73+  -/66=
8>/<8+>398+69?<8+690"8-9691C
	







	 *+1?-23  3C+D+A+">+A+  /> +6(3>+738
 =/6/->3@/6C 38.?-/= +:9:>9=3= 90





	 &+5+>+  +<?,/ * +8+.+    +>=?8+1+  A+=+53  #<9.<?1 09< ,39</.?->3@/
















	 987+*&+5/8+1++=?5+,/&9D?73 8.?->39890differentiation of cultured 
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